Immunoelectron microscopy and a quantitative analysis of immunogold labeling of a glutamine synthetase (GS; EC 6.3.1.2) revealed that, in mesophyll cells of mature leaves of Azolla filiculoides, almost all GS was present in chloroplasts. By contrast, in hair cells, abundant labeling of GS was observed both in chloroplasts and in the cytoplasm. In hair cells of cyanobiont-free plants, the labeling of GS of both chloroplasts and cytoplasm was very weak compared to that of cyanobiont-containing plants. The findings suggest that hair cells play an important role in the assimilation of ammonia released by the cyanobiont.
The water fern Azolla contains the cyanobacterium Anabaena azollae in specialized cavities formed in its leaves (Fig. 1) . The cyanobiont has often been classified as Anabaena. However, recently it has been assigned to the genus Nostoc or Trichormus (Grilli Caiora et al. 1992) . In mature leaves of Azolla, the cyanobiont actively reduces atmospheric nitrogen and releases the fixed nitrogen in the form of NH 3 (Peters and Meeks 1989) . The nitrogen released into the leaf cavity is rapidly incorporated into the host fern and transferred to the apical region where nitrogenase activity of the cyanobiont is absent (Kaplan and Peters 1981) . Azolla assimilates fixed nitrogen mainly via the glutamine synthetase (GS)/glutamate synthase cycle, with little or no contribution of glutamate dehydrogenase (Meeks et al. 1987) . Hair cells protruding into the leaf cavity are postulated to play an important role in transferring the fixed nitrogen to the fern because of the transfer cell ultrastructure (Duckett et al. 1975 , Neumüller and Bergman 1981 , Peters et al. 1978 , Calvert et al. 1985 , developmental changes in the hair population (Calvert and Peters 1981) and the high activity of ammonia-assimilating enzymes (Uheda 1986 ). However, until now, there has been no direct evidence of a physiological role for hair cells.
In higher plants, GS, a key enzyme in the assimilation of ammonia, occurs as two major isoforms: cytosolic GS1 and plastidic/chloroplastic GS2. Distinct roles for GS1 and GS2 have been suggested from a number of studies on organs, tissues, and developmental stages (Cren and Hirel 1999 , Ireland and Lea 1999 , Lancien et al. 2000 , Tobin and Yamaya 2001 . GS2 in the leaf plays a role in the assimilation of ammonium during photorespiration, whereas GS1 in the root plays a role in the assimilation of ammonia generated during primary nitrate assimilation and in providing glutamine for export to the shoot.
The Azolla is a rare plant in that the cyanobiont in the leaf cavity supplies ammonia directly to the Azolla leaf. Information about the localization of GS isoforms in such a plant is important not only for understanding the metabolism of nitrogen and physiological functions of hair cells in this species but also for understanding the physiological function of GS isoforms in other plants. However, little is known about the molecular nature of GS isoforms in Azolla. In the present study, we attempted to further elucidate the function of hair cells in nitrogen assimilation in Azolla leaves in relation to the localization of the GS isoforms. Thus, we isolated the GS isoform (GS2) from Azolla filiculoides leaves using the column chromatographic technique and prepared antibody against GS2. Then, using the anti-GS2 antibody we examined the distribution pattern and localization of GS isoforms in hair cells of both cyanobiont-containing and cyanobiont-free plants with immunoelectron microscopy.
Ion exchange chromatography on DEAE-Sephacel of Azolla leaf extracts revealed the presence of one major (GS2) and one minor (GS1) peak of GS activity eluted at 0.25 M and 0.15 M KCl, respectively ( Fig. 2A) . The elution of the major peak (GS2) was consistent with that for chloroplasts (Fig. 2B) . The elution of cyanobiont GS was not consistent with that of the GS1 and GS2 of leaves, which was eluted at 0.2 M KCl (data not shown). Using the column chromatographic technique, GS2 was purified about 105-fold on the basis of specific activity. The preparation of GS2 gave a single band on both SDS-PAGE, that corresponded to a molecular mass of 42 kDa, and native PAGE (Fig. 3) . About 100 µg of GS2 was yielded from 60 g of leaf. GS1 was also purified from 260 g of leaf.
The final preparation of GS1 appears to be homogeneous with respect to SDS-PAGE, in which the molecular mass was 40 kDa (Fig. 3) . However, the precise yield and purity on the basis of specific activity were not determined because of the small amounts of protein. Western blots of GS isoforms using anti-GS2 antibody showed that this antibody reacted to GS1, but not to the GS of the cyanobiont (Fig. 4) . The Western blots of protein extracts of leaves revealed that almost all the GS in Azolla leaves was GS2.
Immunoelectron microscopic observation and a quantitative analysis of immunogold labeling revealed a difference in the distribution pattern of GS isoforms between hair cells and mesophyll cells (Fig. 5, 6 ). In mesophyll cells of both cyanobiontcontaining and cyanobiont-free plants, almost all the GS was present in chloroplasts (Fig. 5, 6A , C). Little labeling was observed in the cytoplasm. By contrast, in hair cells of cyanobiontcontaining plants, abundant labeling of GS was observed not only in chloroplasts but also in the cytoplasm (Fig. 5, 6B ). The labeling of GS in both chloroplasts and the cytoplasm in hair cells was much heavier in cyanobiont-containing plants than in cyanobiont-free plants (P <0.05) (Fig. 5, 6D ). As a control for cyanobiont-free plants, cyanobiont-containing plants were grown in the presence of 5 mM ammonium ions. Ammonium in the medium did not significantly affect the immunogold labeling of either hair cells or mesophyll cells in cyanobiontcontaining Azolla (Fig. 5) . Control sections incubated only with secondary antibody-colloidal gold were not labeled (data not shown).
In Azolla, a C3 plant (Ray et al. 1979) , almost all the GS in the leaves is GS2, as in other C3 plants (McNally et al. 1983 ). However, immunoelectron microscopy indicated that, in hair cells unlike in mesophyll cells, GS1 and GS2 occur abundantly both in the cytoplasm and in chloroplasts. As to GS in Azolla, we previously reported that the extract of isolated hair cells had a higher level of activity of GS than the leaf extract (Uheda 1986 ). The immunocytochemical findings about the localization of GS isoforms presented here support the results above. The abundance of GS in both the cytoplasm and chloroplasts in hair cells, especially of the cyanobiont-containing leaves, suggests that hair cells play an important role in the assimilation of ammonia, as has been suggested before by means of other approaches. Presumably the ammonia fixed and released into the leaf cavity by the cyanobiont is assimilated by GS1 in the cytosol of the hair cells and then transported to other tissues. The much stronger labeling of GS2 in hair cells than in mesophyll cells might result from a very active photorespiratory flux. Hair cells comprise two types, simple hairs and branched hairs, which have been suggested to play different roles (Calvert and Peters 1981 , Calvert et al. 1985 , Peters and Meeks 1989 . In the present study, we observed many hair cells and found that all had the same localization of GS1 and GS2. However, since serial sections were not made, it is unclear whether the observed cells were part of simple or branched hairs. Thus, it remains unclear whether the localization of GS1 and GS2 differs between the two types of hair cells. Previous studies have shown that the gene expression of GS1 is localized to vascular tissues of Nicotiana , N 2 -fixing root nodules of legumes (Edwards et al. 1990 ), cotyledons of Pinus (Cantón et al. 1999 ) and senescing leaves of Arabidopsis (Bernhard and Matile 1994) and Nicotiana . Our results indicate that GS1 also occurs abundantly in specialized cells which are active in the metabolism of nitrogen as well as in cells and tissues reported before.
In the Azolla-Anabaena association, the expression of gluA and the synthesis of GS in the cyanobiont have been reported to be repressed (Orr and Haselkorn 1982 , NierzwickiBauer and Haselkorn 1986 , Lee et al. 1988 . Because of the 0.5 ml after centrifugation at 15,000×g for 10 min) were loaded on to a DEAE-Sephacel column. The activity of GS was measured by transferase assay and expressed as unit, µmol of γ-glutamyl hydroxamate formed min -1 ml -1 at 30°C. reduction in the synthesis of GS, the cyanobiont has been postulated to release fixed nitrogen into the cavity. Our results indicated that not only does the host fern affect the synthesis of GS in the cyanobiont but also the cyanobiont affects the expression and synthesis of GS in hair cells of the host fern. The ammonium fixed and released by the cyanobiont, some substance(s) released by the cyanobiont other than ammonium and/or the cyanobiont itself are candidates for involvement in this phenomenon. However, the possibility that hair cells of the cyanobiont-free plant changed during long-term culture should be also considered, although no obvious morphological changes were observed. In higher plants, the expression of GS isoform genes has been reported to be regulated by external factors such as light, the nitrogen source and the symbiotic association with Rhizobium (Cren and Hirel 1999) , or by several metabolites, including amino acids and soluble carbohydrates (Oliveira and Coruzzi 1999) . However, how the cyanobiont in Azolla leaves controls the GS synthesis is currently unclear. Further investigation will be needed to elucidate this phenomenon.
Azolla filiculoides (FI 1090) was grown for 2 weeks in the presence or absence of 2.5 mM (NH 4 ) 2 SO 4 . The growth conditions and the composition of the culture medium have been described previously (Maejima et al. 2002) . Cyanobiont-free Azolla plants were generated by transient exposure to a high concentration of ammonium ions (Kitoh et al. 1991) . They were surface-sterilized and aseptically grown in the presence of 2.5 mM (NH 4 ) 2 SO 4 for about 4 years.
For the isolation of GS isoforms from only leaves, the roots of which had been shed, Azolla plants were treated with 50 µM sodium azide for 30 min at 22°C. The treatment causes a rapid abscission of roots and branches (Uheda and Nakamura 2000) . After the treatment with sodium azide, floating leaves were collected, washed and homogenized in a small volume of an ice-cold homogenizing buffer [5 mM mercaptoethanol, 1 mM MnSO 4 , 20% (w/v) glycerol, 1% (w/v) polyvinylpolypyrrolidon [Sigma Chem. Co., St. Louis, U.S.A. and 50 mM imidazole-HCl (pH 7.3)]. The homogenates were filtered through four layers of gauze and were centrifuged at 20,000×g for 10 min. The supernatant fractions were mixed with protamine sulfate at a final concentration of 0.07% (w/v) for 30 min with stirring. After centrifugation at 20,000×g for 10 min, the supernatants were fractionated by precipitation with 30-60% ammonium sulfate. The precipitates were suspended in a small volume of Buffer A [5 mM mercaptoethanol, 1 mM MnSO 4 , 20% (w/v) glycerol and 50 mM imidazole-HCl (pH 7.3)] and thoroughly dialyzed in the same buffer. After centrifugation at 20,000×g for 10 min, the supernatants were loaded onto a DEAE-Sephacel (Sigma Chem. Co.) column (2.0×25 cm) that had been equilibrated with Buffer A. The column was washed with 60 ml of Buffer A, and proteins were eluted from the column with a linear gradient of KCl (0-0.4 M) in Buffer A. The flow rate was adjusted to 30 ml h -1 . Four-milliliter fractions were collected and aliquots were assayed for GS activity. On a DEAE-Sephacel column, fractions 21-26 and 13-17 showing GS2 and GS1 activities, respectively, were pooled separately and then subjected to affinity chromatography on a column (0.5×5 cm) of 2′,5′-ADP-Sepharose 4B (Amersham Pharmacia Biotech, Uppsala, Sweden) that had been equilibrated with Buffer A as described previously (Chen and Kennedy 1985) . After washing the column with 10 ml of Buffer A, the enzyme was eluted with 2 ml of 5 mM ADP in Buffer A. Eluted enzymes were concentrated and further purified by HPLC on a gel filtration column (Diol 300, Shimadzu Co., Kyoto, Japan). The cyanobiont from Azolla leaves was separated using the basic 'gentle roller' method (Peters and Mayne 1974) with the modifications described by Uheda and Kitoh (1989) . Intact chloroplasts were isolated from Azolla leaves according to the method of Perry et al. (1991) . The cyanobiont and intact chloroplasts were suspended in a small volume of the homogenizing buffer and disrupted by sonication using an ultrasonic disrupter. Protein extracts were then loaded on the DEAE-Sephacel column as described above. SDS-PAGE and native PAGE were performed using a 5-20% and a 3-10% gradient gel (PAGEL SPG-520L and PAGEL NPG-310L, respectively, ATTO Co., Tokyo, Japan). The activity of GS was determined by transferase assay (Werner and Stripf 1978) . The protein content was determined using the Bradford method (Bradford 1976 ) with bovine serum albumin as a standard.
Antiserum against GS2 was prepared in rabbits by standard procedures. IgG was purified from the antiserum by Protein A-Sepharose CL-4B (Amersham Pharmacia Biotech.) affinity chromatography. Anti-GS2 antibody was further purified from the total IgG solution as follows. GS2 was isolated from cyanobiont-free Azolla as described above. GS2 was further separated by SDS-PAGE and transferred to a PVDF membrane (Hybond-P, Amersham, Pharmacia Biotech.). The transfer of GS2 to the PVDF membrane was checked by staining portions of the membrane with 0.05% Coomassie Brilliant Blue. The portion with GS2 was cut out and incubated for 2 h at 22°C with a skim milk solution [20 mM Tris (pH 8.0), 0.1 M KCl, 0.5% (w/v) skim milk (Yukijirushi Co., Tokyo, Japan) and 0.05% (v/v) Tween 20] to block any additional binding sites.
The PVDF membrane was then incubated with the total IgG solution diluted 100-fold with the skim milk solution for 16 h at 4°C. After washing with the skim milk solution three times, anti-GS2 antibody was recovered by treating the PVDF membrane with 5 ml of 5 mM glycine-HCl (pH 2.3) and 0.15 M KCl. The solution which contained anti-GS2 antibody was adjusted to pH 8.0 with 1 M Tris and skim milk added to a final concentration of 0.5%.
For Western blotting, SDS-PAGE and the transfer of proteins to the PVDF membrane were performed as described above. The PVDF membrane was incubated with the blocking reagent and then incubated with the anti-GS2 antibody solution prepared as described above for 16 h at 4°C. After a wash with 0.05% (v/v) Tween 20 in phosphate-buffered saline (PBS) (pH 7.3) three times, the membrane was reacted with goat antirabbit antiserum labeled with horseradish peroxidase [peroxidase anti-rabbit IgG (H+L), Vector Lab., Burlingame, U.S.A.] diluted 1 : 2,000 in PBS for 1 h at 22°C. The membrane was then washed and color was developed in a solution containing 0.03% hydrogen peroxide, 0.03% CoCl 2 and 0.8 mM diaminobenzidine tetrahydrochloride.
For immunoelectron microscopy, plant materials were treated with a fixative, dehydrated and embedded in LR White (London Resin. Co., London, U.K.) as described previously (Uheda and Nakamura 2000) . Ultrathin sections on a gold grid were incubated with normal goat serum (Cederlane Lab., Hornby, Ontario, Canada) diluted 1 : 30 in 0.05 M Trisbuffered saline, pH 7.2, to block non-specific antibody binding for 10 min at room temperature. They were treated with anti-GS2 antibody diluted 1 : 5 in 0.05 M Tris-buffered saline, pH 7.2, for 16 h at 4°C and then with a secondary antibody solution containing goat anti-rabbit AuroProbe EM GAR G10 (Amersham, Arlington Heights, IL, U.S.A.) diluted 1 : 20 in 0.05 M Tris-buffered saline containing 0.2% bovine serum albumin for 2 h at room temperature. After a rinse with distilled water, the sections were further stained as described by , with thiocarbohydrazide-silver proteinate, a stain specific for polysaccharides. As negative controls for anti-GS2, the incubation with the primary antibody was omitted. The sections were incubated with normal goat serum, rinsed, incubated in appropriate secondary antibody-gold conjugates, rinsed and then stained as described above. Ultrathin sections were cut from different blocks and 30 hair cells of mature leaves [the leaf number 6-9 (Maejima et al. 2002) ] were observed by electron microscopy. For the quantification of immunogold labeling, micrographs (10-20 for each cell type) were taken. Immunogold label was quantified by counting gold particles, and areas of cell compartments were calculated using NIH image (Version 1.62) on an Apple computer to give final mean values of gold label µm -2 . A statistical comparison was made with Student's t-test. (Received March 18, 2004; Accepted April 30, 2004) 
